Biomechanical reinforcement of the cornea by collagen cross-linking (CXL) using riboflavin and ultraviolet A (UV-A) irradiation is a well-established treatment for halting the progression of keratoconus. Corneal pachymetry is one of the most important factors with respect to the safety of CXL. In addition to the initial pachymetric changes, significant changes in corneal pachymetry may occur during the different steps of the procedure, highlighting the role of intraoperative pachymetric measurements. Intraoperative optical coherence tomography (OCT) can be used safely and effectively to monitor the corneal pachymetry during CXL. Among the advantages of this technology is its ability to provide a more detailed profile of the corneal thickness in a noncontact manner compared to the ultrasound method. These features are especially advantageous for monitoring corneal pachymetry in the setting of CXL in KCN patients, considering the marked irregularity of the epithelium and stroma in these patients. OCT has also been used for evaluation of other aspects of the CXL procedure like evaluation of in vivo riboflavin penetration in to the corneal stroma.
Introduction
Keratoconus is a bilateral, progressive, ectatic disease characterized by progressive corneal thinning and irregular astigmatism. Biomechanical instability of the cornea is considered a main feature contributing to disease manifestations and a hallmark of this disease [1] .
Biomechanical reinforcement of the cornea by collagen cross-linking (CXL) using riboflavin as a photosensitizer and ultraviolet A (UV-A) irradiation is a wellestablished treatment for halting the progression of keratoconus [2, 3] .
The CXL process is mediated by a photo-oxidation reaction between UV-A (370 nm) and riboflavin (vitamin B2). Reactive oxygen species produced during this reaction, including singlet oxygen, react with the collagen fibril molecules in corneal stroma and enhance the mechanical strength of cornea by forming new chemical bonds between collagen fibril molecules [4] .
The original procedure (Dresden protocol) includes removal of the central 7 mm of the corneal epithelium (epithelium-off method), riboflavin saturation of the stroma with 0.1% riboflavin-20% dextran solution (every 5 minutes until 30 minutes), and then application of UV-A light source (370 nm with irradiance of 3 mW/ cm 2 ) on the cornea for 30 minutes [2] . However, there have been other modifications such as preserving the corneal epithelium (epithelial-on method), increasing the intensity of the UV source and decreasing the irradiation time (accelerated method), and using a continuous versus a pulsed light source after the description of the original procedure.
A significant increase up to 71.9 and 328.9% in corneal rigidity has been demonstrated in experimental studies in porcine and human corneas, respectively [4] , and long-term studies have demonstrated the safety and efficacy of CXL in halting the progression of keratoconus [5, 6] .
Significance of corneal pachymetry as a safety criteria for CXL
Corneal thickness (measured by pachymetry) is one of the most important factors with respect to the safety of CXL; a minimum thickness of 400 μm is recommended to ensure the safety of the procedure and avoid the potential toxic effects of UV-A irradiation on the corneal endothelium [7] . Both an adequate corneal thickness and adequate riboflavin saturation of the cornea are necessary to ensure photochemical damage caused by the free radicals to the corneal endothelium.
With the currently used irradiation doses in CXL (UV-A radiant exposure of 5.4 mJ/cm 2 and the corresponding irradiance of 3 mW/cm 2 ), the estimated level of irradiance at a depth of 400 μm is 0.18 mW/cm 2 which is by two factors below the damage threshold [7] .
CXL in thin corneas with a minimum corneal thickness below 400 μm after epithelial removal has been reported to result in significant endothelial cell loss postoperatively, emphasizing the role of corneal pachymetry as a critical factor for the CXL procedure [8] .
Pachymetric changes during CXL for KCN and importance of intraoperative pachymetric monitoring
In addition to the initial pachymetric changes, significant changes in corneal pachymetry may occur during the different steps of the procedure [9] [10] [11] . Factors contributing to these changes include epithelial removal, dehydration due to corneal stroma due to exposure, osmotic effects of the riboflavin-dextran solution, and UV irradiation. The use of an eyelid speculum during instillation of riboflavin drops and the dextran containing riboflavin formulations (as compared to nondextran containing riboflavin iso-osmolar formulations) are especially among the potential factors associated with shrinkage of the corneal stroma during the procedure.
Kymionis et al. [10] reported a decrease of 75 μm and Muzzotta et al. [11] reported a 32.07% shrinkage of the corneal stromal thickness after riboflavin saturation of the stroma with the riboflavin-dextran solution. These findings indicate that despite an initial pachymetry value greater than 400 μm, a considerable proportion of patients will end up with a corneal pachymetry value below the critical thickness during the procedure, which may be a factor explaining complications like corneal edema despite an initial adequate pachymetry in some reports [12] .
These pachymetric changes all could potentially jeopardize the safety of the procedure, further highlighting the importance of intraoperative pachymetric monitoring during the operation.
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Current standard method used for intraoperative corneal pachymetry measurements
Currently, ultrasound pachymetry is the most commonly used method for intraoperative pachymetry measurements during CXL. However, pachymetry measurements using this technique are subject to limitations: only single point measurements can be obtained and it is necessary to have contact to obtain the measurements, thus making the results more prone to inter-and intra-observer variability. In addition, vulnerability to infections due to contact with the surface of the eye and inadequate sterilization of the ultrasound tip during the procedure is another concern associated with this method.
Application of intraoperative OCT for corneal pachymetry during collagen cross-linking 5.1 Advantages of OCT as a diagnostic tool for corneal imaging
Anterior segment optical coherence tomography (AS-OCT) is a noninvasive imaging modality that can be used to obtain high-resolution, cross-sectional images of the anterior structures of the eye. In comparison with ultrasound pachymetry, AS-OCT has the advantage of providing a more detailed corneal anatomic profile during the procedure with a high degree of intra-observer repeatability and interobserver reproducibility of the pachymetric measurements.
OCT has been proven to be a useful diagnostic imaging modality for the diagnosis of keratoconus. OCT-derived corneal thickness distribution and asymmetry parameters have been shown to have a good correlation with established Scheimpflug-derived anterior surface irregularity indices and proven useful to detect suspect, early, and clinical keratoconus [13] .
The high resolution of the spectral domain OCT which allows for reconstruction of epithelial and stromal thickness profiles is another advantage of OCT to study the altered epithelial thickness pattern in keratoconus due to corneal surface irregularity. OCT-derived epithelial thickness map parameters have shown promising results in early and advanced keratoconus detection [14, 15] .
OCT has also been used for detection of demarcation lines after CXL which are considered as a measure of the treatment efficacy [16] . In addition, OCT has been proved to be useful to show changes after CXL including the epithelial remodeling after CXL, resulting in a thinner and more regular thickness profile [7] .
Application of intraoperative OCT in corneal and anterior segment surgery
OCT as a real-time and high-resolution imaging modality provides additional information regarding the angle, corneal thickness, and other structures that are otherwise invisible or difficult to visualize using the normal operating microscope, making it a potential beneficial tool for anterior segment surgery. In addition, it could provide valuable information in the cases like corneal opacity which preclude visualization of the anterior segment structures of the eye.
Intraoperative OCT has also been used as a useful extension of the normal surgical microscope during anterior segment procedures for finding the plane of corneal dissection during anterior lamellar surgery, for assessment of graft-host relationship in penetrating keratoplasty, as a guide during the crucial aspects of posterior lamellar surgery, cataract surgery, and glaucoma procedures like canaloplasty or trabectome surgery [17] [18] [19] [20] [21] [22] .
As another application of intraoperative OCT, this modality has been used for anterior segment examination of patients under general anesthesia, diagnosis of complex wound apposition problems, with the advantage of providing additional information for understanding corneal wound-related problems [23] .
With the adaptation of this technology, intraoperative online OCT provides additional information for anterior segment surgeons providing a real-time dynamic feedback of the various surgical steps during surgery. Nonetheless, shadowing produced by surgical instruments represents the main limitation of this technology [19] .
Application of intraoperative OCT for monitoring corneal pachymetry during corneal collagen cross-linking
Intraoperative OCT has been used to monitor the corneal pachymetry during CXL. The high resolution of OCT is especially advantageous in KCN patients, considering the marked epithelial and stromal irregularity in these patients.
In a study, Mazzotta and Karagiuli reported corneal pachymetric measurements in patients with keratoconus undergoing CXL. Pachymetric measurements were performed before, during, and after instillation of riboflavin using the timedomain Visante OCT (Zeiss, Jena, Germany). They showed significant corneal stromal shrinkage during the instillation of the riboflavin 0.1%-dextran T500 20% solution with 17.61, 25.44, and 32.07% reduction in the corneal thickness after 10, 20, and 30 minutes of riboflavin instillation, respectively [9] . Intraoperative OCT for Monitoring Corneal Pachymetry during Corneal Collagen Cross-Linking… DOI: http://dx.doi.org /10.5772/intechopen.84243 In another study, Rechichi et al. used intraoperative OCT to evaluate corneal pachymetry in keratoconic patients undergoing accelerated corneal collagen cross-linking with a dextran-free 0.1% riboflavin solution plus hydroxyl-propyl methylcellulose (HPMC). Intraoperative corneal thickness was evaluated by corneal optical coherence tomography (iVUE Optovue Inc., Fremont, CA, USA). Their results showed a central corneal thickness of 388.5 ± 36.8, 385.2 ± 37.8, and 379.4 ± 37.2 μm after epithelial removal, after 10 minutes of soaking with riboflavin, and after ultraviolet instillation, respectively. Their findings are compatible with those of a stable corneal pachymetry with the dextran-free riboflavin solution, throughout the procedure [24] .
In our study, we used intraoperative OCT to compare the effect of eyelid speculum on corneal pachymetric changes using an accelerated (9 mW/cm 2 for 10 minutes) CXL protocol. In 14 patients, the speculum was removed during the riboflavin imbibition time (speculum-off group), while in 11 patients the speculum was retained during this period (speculum-on group). Intraoperative OCT (iVue 100-2; Optovue, Fremont, CA, USA) was used to measure the corneal thickness at baseline, after epithelial removal, after 30 minutes of 0.1% riboflavin in 20% dextran T-500 solution instillation, and after irradiation. The speculum-on group showed a significantly greater decrease in the corneal pachymetry (83.7 vs. 16.4 μm decrease in corneal thickness) during riboflavin instillation. As shown in the Figures 1 and 2 , the speculum-off group had a more stable corneal pachymetry value during riboflavin instillation. On the other hand, the speculum-off group had a greater decrease in the corneal pachymetry value during the irradiation phase, further highlighting the limitations imposed by corneal stromal shrinkage using the isotonic dextran containing riboflavin solution for CXL [25] .
Figure 2.
Representative OCT corneal thickness maps in the speculum-on (a-d) and speculum-off ( f-i) groups. Note the marked thinning observed in the corneal thickness map during the riboflavin-dextran instillation of the cornea in the speculum-on group (c, h).
Other applications of intraoperative OCT for corneal collagen cross-linking
OCT has been used for in vivo evaluation of the riboflavin penetration to the stroma during CXL.
Riboflavin penetration of the cornea is associated with a hyper-reflective signal change in the corneal stroma. Although the correlation between the band's intensity and riboflavin stromal concentration has not been directly investigated, it is speculated that a higher OCT reflectivity should be positively correlated with riboflavin concentration.
Mahotra et al. evaluated the depth of hyper-reflective band (representing penetration of riboflavin) in the anterior corneal stroma after riboflavin saturation of the stroma in 20 patients undergoing CXL with either complete epithelial removal or grid-like epithelial removal (leaving behind intact islands of epithelium) using hand-held spectral domain OCT. In the complete removal group, the hyper-reflective band was homogenous, extending to a mean depth of 54.2 ± 5.2 μm in the stroma. However, the hyper-reflective band was uneven in the grid pattern epithelial removal [26] .
Vinciguerra et al. measured the depth of hyper-reflective band after riboflavin saturation of the stroma using two different methods (epithelium-off and iontophoresis method) in six patients. In the conventional epi-off group, after 30 minutes of riboflavin instillation, a homogeneous hyper-reflective band without fading was measured at a mean depth of 80 μm. In the iontophoresis group, a less homogeneous but deeper hyper-reflective band with a fading effect was observed extending through the anterior 200 μm of the cornea [27] .
Pahuja et al. used a microscope-integrated real-time spectral domain optical coherence tomography (ZEISS OPMI LUMERA 700 and ZEISS RESCAN 700) to compare the penetration of riboflavin between epithelium-on and epitheliumoff methods in keratoconus patients undergoing accelerated CXL. The mean depth of the hyper-reflective stromal band was 149.39 and 191.04 microns in the epithelium-on and epithelium-off groups, respectively. These results are compatible with enhanced riboflavin corneal penetration with the epithelium-off method [28] .
Conclusions
Intraoperative OCT can be used safely and effectively to monitor corneal pachymetry during CXL. Among the advantages of this technology is its ability to provide a more detailed profile of the corneal thickness in a noncontact manner, which is especially advantageous for monitoring corneal pachymetry in the setting of CXL in KCN patients compared to the conventional ultrasound method. OCT has also been used for evaluation of other aspects of the CXL procedure like evaluation of in vivo riboflavin penetration in to the corneal stroma.
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